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Introduction
Mitochondrial cytopathies are involved in an increas-
ing number of different clinical phenotypes. These dis-
eases are associated with symptoms that affect various
organs or tissues that are particularly dependent on
oxidative metabolism, such as the central nervous sys-
tem, sensory organs, heart and skeletal muscle, and
less frequently, kidney, liver, and endocrine glands
(1–3). Mitochondrial cytopathies are thought to be
associated with reduced energy production through
the oxidative phosphorylation process supported by
the enzymatic complexes (complexes I–V) located in
the inner mitochondrial membrane. Subunits of com-
plexes I, III, IV, and V are encoded either by the mito-
chondrial DNA (mtDNA) or, for the majority, by the
nuclear DNA (nDNA). Complex II subunits are encod-
ed by nuclear genes only. Complex I (NADH-

ubiquinone reductase) is a multimeric assembly of 7
mitochondrial-encoded subunits (ND subunits) and
at least 36 nuclear-encoded subunits.

Numerous clinical syndromes have been associated
with complex I deficiency, ranging from lethal neona-
tal forms to neurodegenerative disorders in adult life,
including Leber’s hereditary optic neuropathy (LHON)
and Parkinson’s disease (4–8). In neonates and infants,
isolated complex I deficiencies have been sorted into
several different clinical phenotypes with initial lactic
acidosis (9). Recently, a new phenotype of complex I
deficiency was described in infants with fatal progres-
sive macrocephaly, hypertrophic cardiomyopathy, and
lactic acidosis (10). In a number of pathological cases,
immunochemical analyses have revealed heterogeneity
of complex I deficiency with disproportionate loss of 1
or several subunits (5, 11–16).
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At the molecular level, complex I defects can originate
from mutations in either nuclear or mitochondrial DNA
genes. Mutations in the mtDNA genes were first report-
ed in association with LHON (4, 17). Recently, a 5-bp
duplication in the gene coding for the 18-kDa subunit
and point mutations in the genes encoding the 23- and
51-kDa subunits of complex I were detected in 5 differ-
ent complex I–deficient patients, presenting either a
multisystemic progressive phenotype or Leigh’s syn-
drome (18–20). However, the consequences of these
mutations remain to be characterized. Mutations that
are responsible for complex I defects have yet to be iden-
tified for a large majority of complex I–deficient patients.

Here, we present 2 different biochemical phenotypes
in 2 patients with fatal infantile lactic acidosis (FILA)
associated with isolated complex I deficiency, and we
demonstrate the genetic origin of both forms of the dis-
ease. This was addressed by immunodetecting individ-
ual complex I subunits with specific antibodies and by
assessing complex I activity in patients’ fibroblasts and
in transnuclear cybrid cells obtained after fusion
between patients’ fibroblasts and mtDNA-less cells (ρ°
cells). Reexpression of complex I subunits and recovery
of complex I activity in patients’ mitochondria after
transnuclear complementation by ρ°-cell nuclei
enabled us to infer the nDNA origin of both defects.

This is the first demonstration of the nDNA origin of
complex I defects in FILA. Moreover, the 2 distinct pat-
terns of complex I subunit composition in patients’ cells
suggest that at least 2 different nuclear gene abnormal-
ities may be responsible for the reported phenotypes.

Methods
Case reports. Patient no. 1 was a boy born after an
uncomplicated full-term pregnancy. He was the second
child of healthy, unrelated parents. The first child, a
boy, is in good health. There was no past medical his-
tory over 3 generations in this family. In the first 24
hours of life, the newborn developed generalized hypo-
tonia with poor gesticulation. At admission, on day 2,
he was very floppy with poor response to painful stim-
uli. He rapidly showed symptoms of respiratory failure
and was intubated and ventilated. There was no clini-
cal malformation. Hepatic enlargement was noticed,
and the chest x-ray revealed a slight cardiomegaly. Cra-
nial ultrasonography showed a brain edema. The first
electroencephalography (EEG) showed status epilepti-
cus with a paroxysmal pattern. A severe lactic acidosis
was detected (20 mmol/L; normal <2.2). The
lactate/pyruvate ratio (51:1; normal <20:1) and the 3-
hydroxybutyrate/acetoacetate ratio (8.3:1 under fed
condition; normal <2:1) were high in plasma, suggest-
ing an abnormal oxidoreduction status. Under
mechanical ventilation, bicarbonate supplementation,
and therapy with L-carnitine, biotine , thiamine, and
dichloropropionate, there was a transient improve-
ment in clinical state, ultrasound brain edema, and
EEG pattern. At 11 days of life, despite therapy, the
child went into a deep coma and died. Muscle, liver,
and skin biopsies were obtained with informed
parental consent. Light microscopy, only performed on
the liver biopsy, showed slight inflammation of portal
tracts associated with diffuse microvesicular and
macrovesicular steatosis. Autopsy was not performed.

Patient no. 2 was a boy who was the second child of
healthy, unrelated parents whose first child, a girl, is in
good health. Analysis of the family history over 4 gen-
erations revealed that there was no other affected mem-
ber. This boy was born by normal delivery after an
uncomplicated full-term pregnancy. In the first 2 weeks
of life, he vomited frequently, and at 5 weeks, when he
was admitted, his neurological status deteriorated with
hypotonia, weakness, and lethargy. In the first month,
the head circumference was noticed to be rapidly
increasing from 33 cm to 40 cm (from 10th to 95th per-
centile). Computer tomographic scan showed a very
hypodense brain with increased brain volume and
extensive cerebral edema. EEG showed a burst suppres-
sion pattern. Laboratory investigations revealed a
marked metabolic acidosis with hyperlactacidemia (13
mmol/L; normal <2.2), and a high lactate/pyruvate ratio
in plasma (44:1; normal <20:1). Under fed condition,
hyperketonemia and a high 3-hydroxy-butyrate/ace-
toacetate ratio (18.9:1; normal <2:1) were also detected.
Cerebrospinal fluid lactate was increased (10.7 mmol/L;
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Figure 1
Immunological detection of complex I subunits in mitochondria from
cultured fibroblasts. Proteins from mitochondrial preparations were
analyzed by Western blot, with antibodies directed against the ND1
and 20-, 23-, 24-, 30-, 49-, and 51-kDa subunits of complex I, and
the COII subunit. Note that under our electrophoretic conditions,
the 20- and 51-kDa subunits are specifically detectable as doublets
with their respective antibodies. Lane 1, mitochondria from patient
no. 1; lane 2, mitochondria from patient no. 2; lane 3, mitochondria
from controls. Identical amounts of protein (5 µg) were loaded.



normal <1.8). Urinary organic acids showed a marked
increase in excretion of lactate and Krebs cycle interme-
diates (fumarate, succinate, and α-ketoglutarate).
Despite intensive care, the neurological state worsened
rapidly and brain death occurred at 6 weeks of age.
Autopsy showed acute necrotizing encephalopathy, but
no hypertrophic cardiomyopathy was noticed. Muscle,
liver, and skin biopsies were performed just before death
with informed parental consent. Histochemistry exam-
inations were normal in muscle, and electron
microscopy only revealed slightly enlarged mitochon-
dria. Light and electron microscopy were normal in
liver, except for a mild microvesicular steatosis.

Cell lines and culture conditions. Fibroblasts from fore-
arm skin explants obtained from both patients and
controls were cultured in high-glucose DMEM supple-
mented with 10% FBS, 100 µg/mL pyruvate, and 50
µg/mL uridine in a 5% CO2 atmosphere at 37°C. The
143B TK– osteosarcoma cell line (CRL 8303) was
obtained from the American Type Culture Collection
(Rockville, Maryland, USA). The daughter 143B206 ρ°
cells, completely depleted of mtDNA by long-term
exposure to ethidium bromide (21), were grown in sup-
plemented DMEM, as already described here, with 100
µg/mL 5-bromo-2′-deoxyuridine (BrdU). This cell line
was provided by G. Attardi (California Institute of
Technology, Pasadena, California, USA). Lactate and
pyruvate were measured in cultured fibroblasts after 1
hour of incubation with glucose, as reported (14).

Cell fusion. Trypsinized cells were collected by low-speed
centrifugation, resuspended in DMEM, and counted.
Fibroblasts (106 cells) were mixed with an equal number
of ρ° cells, and culture medium was carefully eliminat-

ed by centrifugation. Cells were resuspended for 1
minute in 0.2 mL of sterile polyethylene-glycol 1500
(50% wt/vol) (Roche Diagnostics, Meylan, France). After
cell fusions, screening of transnuclear complemented
cells was performed by growing cells in standard DMEM
for 24 hours and then in selective medium composed of
pyruvate- and uridine-free DMEM supplemented with
10% dialyzed FBS and 100 µg/mL BrdU. After 10 days,
about 30 independent colonies were observed.

Preparation of mitochondria. Mitochondria-enriched
preparations were obtained as described (22), with
slight modifications. Exponentially growing cells were
trypsinized, washed, and resuspended in medium A
composed of 0.25 M sucrose, 1 mM EDTA, 10 mM
Tris-HCl (pH 7.3), and 1 mg/mL skimmed milk. Cells
were gently broken in a glass pestle Dounce homoge-
nizer, and the homogenate was centrifuged for 8 min-
utes at 800 g. The supernatant was then centrifuged 10
minutes at 11,000 g. Pellets were resuspended in medi-
um A without milk, and the resulting mitochondria-
enriched suspension was used for enzymatic measure-
ments and immunodetection. Protein concentrations
were determined by the bicinchoninic acid method.

Enzymatic measurements. Spectrophotometric analysis
of the respiratory chain complexes was performed in an
800-g supernatant of crude homogenates from liver or
muscle (23) and in mitochondrial preparations from
cultured cells. At a protein concentration of 1–2
mg/mL, mitochondria were disrupted by 3 freeze-thaw
cycles in liquid nitrogen and were briefly sonicated. In
tissue homogenates, this freeze-thaw method was used
only for the measurement of complex I activity.

The following enzymatic activities were assayed at
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Table 1
Mitochondrial enzyme activities in muscle and liver from both patients

Muscle Liver

Patient no. 1 Patient no. 2 Controls Patient no. 1 Patient no. 2 Controls
(n = 40) (n = 12)

Enzyme activities

Complex I ~0 2.4 18.1 (6.8–35.2) ~0 2.5 14.4 (7.0–27.5)
Succinate dehydrogenase 30.9 8.6 21.1 (8.0–38.7) 105 114 35.7 (20.0–58.2)
Complex II 54.9 32.6 44.6 (19.9–96.8) 145 257 78.8 (36.9–143.6)
Complex II + III 29.0 8.6 13.6 (3.3–28.0) 116 68 13.0 (6.9–32.9)
Complex III 206.5 78.9 103.5 (25.1–200.0) 389 287 71.3 (26.9–126.9)
Complex IV 126.0 62.3 100.5 (21.2–194.1) 153 203 50.9 (24.3–102.0)
Citrate synthase 279.0 182.6 170.5 (74.1–293.6) 138 133 80.6 (48.9–109.0)

Ratios

I/II+III 0 0.28 1.33 ± 0.75 0 0.04 1.11 ± 0.54
I/III 0 0.03 0.17 ± 0.08 0 0.01 0.20 ± 0.10
I/IV 0 0.04 0.18 ± 0.09 0 0.01 0.28 ± 0.17
II/IV 0.44 0.52 0.44 ± 0.14 0.95 1.27 1.55 ± 0.80
III/IV 1.63 1.27 1.03 ± 0.36 2.54 1.41 1.40 ± 0.61
IV/II+III 4.34 7.21 7.39 ± 2.28 1.32 2.98 3.91 ± 1.23

Enzyme activities were measured as described in Methods. Values are expressed in nanomoles of substrate (donor or acceptor) consumed per minute per mil-
ligram of protein. Mean control values are shown with the range in parentheses, and mean control ratios comparing complex activities are shown ±SD. Activ-
ities were not normalized with respect to citrate synthesis activity. Control liver samples were obtained from children presenting diseases that were not related
to mitochondrial dysfunctions. Control muscle samples were obtained from children who underwent orthopedic surgery.



30°C: citrate synthase, NADH-ubiquinone reductase
(complex I), succinate-cytochrome c reductase (com-
plex II + III), succinate dehydrogenase (SDH), succi-
nate-ubiquinone reductase (complex II),
ubiquinol-cytochrome c reductase (complex
III), and cytochrome c oxidase (complex IV).
Methodology was as reported previously
(23), with slight modifications (24); for
complex II measurement, methodology was
according to Rustin et al. (22). Complex I
activity was assayed in 55 mM phosphate
buffer (pH 7.5) containing 2.5 g/L defatted
BSA, 1.8 mM NaCN, 2 µg antimycine , and
0.1 mM decylubiquinone. The reaction was
initiated with 0.2 mM NADH, and NADH
oxidation was monitored at 340 nm.
Rotenone-sensitive complex I activity was
calculated from the difference between 2
parallel rates measured with and without 5
µM rotenone.

Immunodetection. Mitochondrial proteins
(5 µg) were separated on 12% polyacrylamide
gels, electroblotted onto PVDF membranes,
and incubated with antibodies as described
(25). Decrease in subunits in patients’ mito-
chondria was estimated by comparing the
signal yielded by different dilutions of the
patients’ samples to the signal obtained for
equivalent samples of control fibroblasts.
Antibodies were raised in rabbit against pep-
tides corresponding to the major complex I

subunits (26, 27) and the cytochrome c oxidase subunit
II (COII). The anti–24 kDa bovine subunit antibody was
a gift from M. Skehel and J. Walker (Medical Research
Council, Cambridge, United Kingdom).

Electron microscopy. Confluent cells on glass slides were
fixed and embedded as described (28). After staining by
uranyl acetate and lead citrate, ultrathin sections (90
nm) were examined with a JEOL 1200EX II electron
microscope at 80 kV.

DNA and RNA analysis. Total DNA prepared from cells
(27) was subjected to PCR amplification using appro-
priate primers and standard protocols. Total RNA was
extracted from cultured cells harvested at a noncon-
fluent state by using the RNAgents kit from Promega
Corp. (Madison, Wisconsin, USA). Northern blot
analysis and RT-PCR were performed according to
standard protocols. cDNA sequences are available
through our MitoPick database (29). Nuclear geno-
types were characterized by high polymorphic marker
analysis. CA repeats from chromosomes 1, 3, 5, 7, and
19 (D1S306, D3S1281, D5S455, D7S849, and D19S220)
were amplified using an appropriate set of primers (30)
and were sized by electrophoresis. PCR fragments were
sequenced by Genome Express SA (Grenoble, France).

Results
Identification of the complex I defects in tissues and cultured
cells. Enzymatic measurements of the respiratory chain
complex activities revealed that complex I activity was
decreased by more than 83% in muscle and liver of both
patients (Table 1). In the muscle, the activities of the
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Figure 2 
Growth kinetics of the cell types used in transnuclear complementa-
tion experiments. ρ° cells in DMEM + dialyzed FBS + BrdU (open
squares); ρ° cells in DMEM + dialyzed FBS + BrdU + pyruvate + uri-
dine (filled squares); fibroblasts from patient no. 1 in DMEM + dia-
lyzed FBS + BrdU (open triangles); fibroblasts from patient no. 1 in
DMEM + dialyzed FBS (filled circles); cybrid cells in DMEM + dia-
lyzed FBS + BrdU (open circles). Concentrations used: dialyzed FBS,
10% (vol/vol); BrdU, 100 µg/mL; uridine, 50 µg/mL; pyruvate, 100
mg/mL. Control and fibroblasts from patient no. 2 essentially
behaved the same as fibroblasts from patient no. 1 (not shown).

Table 2
Biochemical measurements in cultured fibroblasts from both patients

Patient no. 1 Patient no. 2 Controls
(n = 45)

Lactate/puruvate ratio 39.9 ± 3.8 72.4 ± 6.1 14.6 ± 5.9

Enzyme activities Patient no. 1 Patient no. 2 Controls
(n = 7)

Complex I 5.2A 3.1A 32.0 (26.0–47.6)
Succinate dehydrogenase 27.6 25.5 21.9 (15.0–35.4)
Complex II 62.5 69.4 59.8 (43.9–88)
Complex II + III 42.1 51.5 35.7 (26.8–57.2)
Complex III 259.3 341.2 296.0 (245.5–429.0)
Complex IV 208.4 265.3 207.5 (138.2–311.0)
Citrate synthase 242.3 322.1 293.7(231.9–373.7)

Ratios

I/II + III 0.12A 0.06A 0.90 ± 0.28
I/III 0.02A 0.01A 0.11 ± 0.03
I/IV 0.02A 0.01A 0.16 ± 0.05
II/IV 0.30 0.26 0.29 ± 0.04
III/IV 1.24 1.29 1.43 ± 0.27
IV/II + III 4.95 5.15 5.81 ± 0.77

Lactate/pyruvate ratios were determined in whole-cell cultures and are given as the mean
(±SD) from 3 independent assays. Enzymatic activities determined from mitochondria-
enriched preparations are expressed in nanomoles of substrate (donor or acceptor) con-
sumed per minute per milligram of protein. Control values and control ratios comparing
complex activities are expressed as described in Table 1. assays werte performed at least in
duplicate on patient samples. ASignificant difference compared with control values. P < 0.01,
Student’s 2-tailed t test.



other complexes were within the control range, except
for complex III and II + III activities, which were at the
upper limit for patient no. 1. In the liver, the activities
of complexes II, III, and IV were increased for both
patients. This may reflect some metabolic adaptation
to compensate for decreased energy production as a
consequence of complex I deficiency. Citrate synthase
activity was increased in the liver of both patients and
was at the upper limit of the control range in the mus-
cle of patient no. 1. Increase in citrate synthase activity
has already been reported for respiratory chain disor-
ders (31, 32) associated or not with deletion or deple-
tion of mtDNA (33–35). As shown in Table 1, the val-
ues of the ratios comparing the activities of the
different complexes are consistent with a severe com-
plex I defect in both liver and muscle.

In cultured fibroblasts from both patients, the lac-
tate/pyruvate ratio was increased, suggesting a defect
in electron transport through the respiratory chain
(Table 2). Respiratory measurements showed that the
rate of rotenone-sensitive oxidation of malate + gluta-
mate (NADH oxidation) was decreased by more than
70% in mitochondria from both patients, whereas the
succinate and cytochrome c oxidation rates were com-
parable to those of controls (not shown). Enzymatic
measurements of the respiratory complex activities
revealed normal values for complexes II, III, and IV, but
a specific defect of complex I (Table 2). Residual
rotenone-sensitive complex I activities were 16% and
10% for patients nos. 1 and 2, respectively. The reliabil-
ity of the complex I activity measurements in our mito-
chondria-enriched preparations from fibroblasts was
confirmed by the 70–86% rotenone sensitivity of the
total NADH-ubiquinone reductase activity in control
mitochondria. Together, these results demonstrated a
multisystemic and severe decrease in complex I activity
in both patients.

Immunodetection of complex I subunits. Immunoblotting
was performed for 7 complex I subunits in fibroblast
mitochondria, using specific antibodies directed
against 1 mitochondrial-encoded subunit (ND1) and 6
nuclear-encoded subunits (20, 23, 24, 30, 49, and 51
kDa). In patient no. 1, most of the detected subunits
were present in normal or near-normal amounts,
except for the 24-kDa subunit, which was present at a
very low level in the samples (less than 5% of the con-
trol), and the 51-kDa subunit, which consistently
amounted to about 50% of the control (Figure 1). In
patient no. 2, all the investigated nuclear-encoded sub-
units and the mitochondrial-encoded ND1 subunit
were in trace amounts. In contrast, the levels of the
COII subunit, encoded by the mtDNA, were normal
compared with the control. This confirmed that com-
parable amounts of protein had been loaded into the
gel lanes, and it highlighted the specific loss of complex
I subunits in patient no. 2 mitochondria.

Cell fusion and characterization of the resultant cells. To
demonstrate which part of the nuclear or mitochondrial
genome was involved in the primary defect associated
with complex I deficiency, patients’ fibroblasts were fused
with ρ° cells fully depleted of mtDNA. The rationale for
this experiment was based on the following hypotheses:
(a) under appropriate conditions, fusion between cells
would lead to the segregation of new cells (cybrid cells) in
which patients’ mitochondria would be placed into a
novel nuclear environment; (b) only patients’ cells with a
nuclear defect could theoretically be transcomplement-
ed by normal ρ°-cell nuclei; and (c) on the contrary,
cybrid cells issued from patients’ cells harboring mtDNA
defects would remain complex I deficient.

The growth capacity of the different cell lines in var-
ious media was assessed. The ρ° cells exhibited both
auxotrophy for uridine and pyruvate (21) and resist-
ance to BrdU, as they were obtained from the thymi-
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Figure 3
Electron micrographs of the cul-
tured cells. (a) Control fibroblasts.
(b) ρ° cells. (c) Fibroblasts from
patient no. 1. (d) Fibroblasts from
patient no. 2. (e) BrdU-resistant
cells obtained 15 days after fusion
between ρ° cells and patient no. 2
fibroblasts. (f) The cybrid cell line
shown in e, 4 weeks after fusion.
Mitochondria are shown by
arrowheads. Scale bar: 1 µm.



dine kinase–deficient (TK–) osteosarcoma 143B cell line
(Figure 2). Unlike ρ° cells, patients’ fibroblasts exhib-
ited BrdU sensitivity and were able to grow in DMEM
lacking pyruvate and uridine. From these results, it was
expected that none of the parental cells (ρ° cells and
fibroblasts from patients or controls) could grow in a
medium lacking pyruvate and uridine and containing
BrdU. On the other hand, only cybrid cells that con-
tained fibroblast mitochondria and were homozygous
for the TK– nuclear marker of the ρ° cells were expect-
ed to survive in this medium. After fusion, selection of
cybrids was carried out in the selective medium con-
taining BrdU but lacking pyruvate and uridine (see
Methods). After 15 days, 10 clones were collected and
further analyzed. As expected, the different clones were
able to grow in the selective medium, with growth
kinetics similar to those of ρ° cells in a pyruvate- and
uridine-supplemented medium (Figure 2).

Morphological examination of parental (ρ° and
fibroblasts) and cybrid cells was performed by electron
microscopy. The ρ° cells contained enlarged spherical
mitochondria with rare cristae and a poorly dense
matrix (Figure 3b). This enlarged and rounded shape
has already been observed in MRC5 ρ° fibroblasts (36).
In contrast, both patients’ and control fibroblasts con-
tained rod-shaped mitochondria with numerous
cristae (Figure 3a, c, and d). Fifteen days after fusion,
both types of mitochondria coexisted in fused cells,
with a predominance of enlarged mitochondria from
the ρ° parental cells (Figure 3e). After 2 additional
weeks in culture, ρ° cell–type mitochondria disap-
peared from the cytoplasm, and rodlike mitochondria
with cristae became largely predominant (Figure 3f).
This is consistent with a previous observation (37)

showing that after introduction of normal mitochon-
dria into ρ° HeLa cells, all the ρ° mitochondria took
normal shape within a few hours.

Finally, we examined both mitochondrial and nuclear
genotypes of cybrid cells. The mitochondrial genotypes
of the 143B cells and the 2 patients’ cells were charac-
terized by amplifying and sequencing a PCR fragment
ranging from mtDNA nucleotide 1 to 2000. Compared
with the Cambridge sequence (38), the 3 resulting frag-
ments were each unique, with specific sets of polymor-
phic changes. When aligned, the sequences of the
mtDNA fragments obtained from the patients’ fibrob-
lasts and the cybrid cells unambiguously revealed that
the 2 types of cybrid cells contained only mtDNA from
patients’ cells and no mtDNA of 143B cell origin (not
shown). This was consistent with our finding of no
PCR-detectable mtDNA in the ρ° cells, in agreement
with previous observations (21). Nuclear genotypes of
the parental cells (the ρ° cells and the 2 patients’ cells)
were also characterized by assessing the size of a set of
polymorphic markers present on different chromo-
somes. The patterns of these allelic markers differed
between all parental cells. Only the allelic marker pat-
tern found in the ρ° cells was evidenced in the cybrid
cells (not shown). This clearly indicated that the nucle-
us in cybrid cells originated exclusively from ρ° cells.

Immunodetection of complex I and enzymatic measure-
ments in cybrid cells. Mitochondria-enriched prepara-
tions from patients’ cybrid cells were analyzed by
immunoblotting. As a control, mitochondria prepared
from ρ° cells and control fibroblasts were also investi-
gated. Antibodies directed against the 23-, 24-, 30-, 
49-, and 51-kDa subunits of complex I revealed that
these subunits were present in comparable amounts in
patients’ cybrid cells and in control fibroblasts (Figure
4, lanes 1, 4, and 6). Unexpectedly, these nuclear-encod-
ed subunits were also found in appreciable amounts in
ρ°-cell mitochondria. However, as expected, mito-
chondrial-encoded ND1 and COII subunits were
absent in ρ°-cell mitochondria (Figure 4, lane 2). The
presence of the 24-kDa and 51-kDa subunits in ρ°-cell
mitochondria did not allow us to ascertain nuclear
complementation of complex I in patient no. 1. In
patient no. 2’s cybrid cells, the recovery of the ND1 sub-
unit was a clear indication that complex I was present
in the mitochondria (Figure 4, lane 6).

To ascertain whether cybrid cells contained fully
assembled and active complex I, complex I activity and
other respiratory chain complex activities were assayed
in mitochondria-enriched preparations (Table 3). In the
parental ρ° cells, activity of the 3 complexes containing
mtDNA-encoded subunits (complexes I, III, and IV) was
undetectable. In contrast, SDH and complex II activity
was present in ρ° cells, in agreement with a previous
report (39), and was found to be similar to that of the
parental 143B cell line. These results were consistent
with the fact that all the complex II subunits are nuclear
encoded and that mitochondrial import of SDH sub-
units has been demonstrated in MRC5 ρ° fibroblasts
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Figure 4
Western blot analysis of mitochondrial proteins in transnuclear com-
plemented cells. Experimental conditions were identical to those in
Figure 1. Mitochondria were prepared from the following cell types:
lane 1, control fibroblasts; lane 2, ρ° cells; lane 3, fibroblasts from
patient no. 1; lane 4, patient no. 1 cybrid cells; lane 5, fibroblasts
from patient no. 2; lane 6, patient no. 2 cybrid cells.



(36). As shown previously (36, 39), citrate synthase activ-
ity was high in ρ° cells compared with the parental
143B cell line. Contrary to ρ° cells, control cybrid cells
(obtained by fusion between ρ° cells and control fibrob-
lasts) exhibited fully active respiratory complexes. In
patients’ cybrid cells, activities of all respiratory chain
enzymes were similar to those measured both in control
cybrid cells and in the parental 143B cell line. In partic-
ular, the complex I activity, which was specifically and
markedly decreased in the fibroblasts from both
patients, appeared restored in cybrid cells. In addition,
comparable ratios of enzyme activities were found in all
cybrid cell types (Table 3). These results confirmed that
fusion of the patients’ fibroblasts with ρ° cells con-
curred with the restoration of an active complex I.

Transcriptional analysis and cDNA mutation screening. As
a first step toward characterizing the defects at the
molecular level, we checked whether the genes coding
for the major complex I subunits were actively tran-
scribed. Steady-state levels of the transcripts were ana-
lyzed by Northern blot (Figure 5a), and then by RT-
PCR (Figure 5b), because the nuclear transcripts were
found in very limited amounts compared with mito-
chondrial ND transcripts in normal fibroblasts.
Northern blot and RT-PCR experiments revealed sim-
ilar steady-state levels of all the different transcripts in
patients’ cells and normal cells. More specifically, this
analysis failed to detect any reduction of the level of
the 51- and 24-kDa transcripts in patient no. 1, or of
the 51-, 49-, 30-, 24-, 23-, and 20-kDa and ND1 tran-
scripts in patient no. 2, that may have correlated with
the reduced amounts of corresponding proteins in the

patients’ cells. Mutation screening was
then performed by sequencing cDNAs
coding for certain nuclear-encoded
subunits. For both patients, the
cDNAs coding for the 10-, 24- and 51-
kDa subunits (these subunits consti-
tute the flavoprotein fraction of the
enzyme), the 18- and 23-kDa subunits,
and the 7 mitochondrial ND genes
were totally sequenced. The recently
described (18–20) 5-bp duplication in
the cDNA coding for the 18-kDa sub-
unit, and the point mutations in the
23-kDa and 51-kDa subunits, were not
found in either patient. We only detect-
ed a C→T transition in the 24-kDa
cDNA from patient no. 1. This transi-
tion led to an Ala29→Val substitution
in the presequence of the 24-kDa sub-
unit and has been reported, at a
homozygous state, as a susceptibility
factor for Parkinson’s disease (40).
Patient no. 1 was found to be het-
erozygous for this mutation, as were
healthy individuals in the study of
Hattori et al. (40).

Discussion
In this report, cell fusion between fibroblasts from 2
complex I–deficient patients presenting with FILA and
ρ° cells were carried out to determine which of the 2
genomes — nDNA or mtDNA — was involved in these
respiratory chain defects. Our data demonstrated that
in both patients, the complex I defects arose from
nuclear mutations. Biochemical investigations in tis-
sues and cultured fibroblasts demonstrated severe and
selective complex I dysfunctions as the probable caus-
es of the rapid neurological deterioration and early
death of both patients. Specific antibodies against
nuclear- and mitochondrial-encoded subunits were
used to analyze the subunit composition of complex I
in patients’ mitochondria. Despite the lack of a com-
prehensive analysis (only 7 of the numerous subunits
that compose complex I were tested), we were able to
distinguish 2 different types of complex I misassembly.
Patient no. 1 was deficient in 24-kDa and 51-kDa sub-
units, whereas in patient no. 2, all the investigated sub-
units were in very low amounts.

Cell fusions between ρ° cells and enucleated cells
have already been used to study the impact of mtDNA
mutations on the cellular energy production (21, 41,
42). This approach was also successfully used to show
that nuclear complementation of fibroblasts with
mtDNA depletion restored the mtDNA level, providing
evidence for a nuclear-encoded factor involved in
mtDNA depletion (43). Tiranti et al. (39) elegantly
demonstrated the nDNA origin of cytochrome c oxi-
dase deficiency in Leigh’s syndrome by generating 2 dif-
ferent transmitochondrial cybrid cell lines. The first
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Table 3
Respiratory chain complex activities in ρ°, 143B parental, and cybrid cells

ρ° 143B Control Patient no. 1 Patient no. 2
cells cells cybrids cybrids cybrids

Enzyme activities

Complex I ~0 18.3 26.3 22.9 18.1
Succinate dehydrogenase 33.3 33.9 37.4 29.6 27.4
Complex II 67.5 67.0 86 66.6 56.5
Complex II + III ~0 41.4 47 41.3 35.2
Complex III ~0 220.6 347.6 330.8 286.2
Complex IV ~0 166.0 219.8 198.7 167.3
Citrate synthase 541.1 282.6 352.0 318.5 283.3

Ratios

I/II + III 0.44 0.56 0.55 0.51
I/III 0.08 0.08 0.07 0.06
I/IV 0.11 0.12 0.11 0.11
II/IV 0.40 0.39 0.33 0.34
III/IV 1.33 1.58 1.66 1.71
IV/II + III 4.01 4.67 4.81 4.74

Enzymatic activities were measured in isolated mitochondria prepared from each cell line accord-
ing to the procedures described in Methods. 143B cells: 143B TK- osteosarcoma parental cell line;
ρ°: mtDNA depleted 143B206 ρ° cell line; cybrid cells: cells obtained after fusion between ρ° cells
and fibroblasts from a control, patient no. 1 and patient no. 2. Values are expressed in nanomoles
odf substrate (donor or acceptor) consumed per minute per milligram of protein. Control values
and control ratios between complex activities are expressed as described in table 1. Assays were
performed in duplicate on 2 different mitochondria preparations.



was obtained by fusing ρ° cells with enucleated
patient’s fibroblasts, and the second, by fusing ρ°
transformant fibroblasts derived from the same patient
with nDNA-less cytoplasts. Recently, analysis of cybrids
obtained after fusion between platelets and ρ° cells
suggested that the complex I defect in focal dystonia is
not caused by a mtDNA mutation (44). Here, we under-

took a straightforward approach by fusing whole cells,
rather than a combination of nucleated and enucleat-
ed cells, to ascertain whether the structural and func-
tional abnormalities of complex I in the 2 cases of FILA
were under the control of the nuclear genome. Anoth-
er approach involving fusion of whole cells was suc-
cessfully used by Isobe et al. (45) to study the inheri-
tance modes of cytochrome c oxidase and succinate
dehydrogenase deficiencies.

In the present work, this approach raised a number
of questions concerning the nature of the cybrids
screened in the selective medium containing BrdU. The
possibility that the cybrid cells may in fact be 143B cells
was considered, as the metabolic selection imposed by
the restrictive medium (without pyruvate and uridine)
might have favored the segregation of 143B cells with
a restored amount of mtDNA. This hypothesis was
ruled out by the exclusive presence, in cybrid cells, of
mtDNA originating from the patients’ fibroblasts.
Moreover, the cybrids were unlikely to be spontaneous
TK– patients’ fibroblasts, as the restoration of complex
I activity in the cybrids also implied that these cells
would have simultaneously acquired mutations cor-
recting the complex I defect. The probability for such
an event would seem to be very low. The origin of the
nucleus in the cybrids was determined by a polymor-
phic marker analysis. This revealed that only the
143B206 ρ°-cell chromosomes were maintained in the
cybrid cells. In addition, the absence of heterokaryons
and the presence, after fusion, of small numbers of
mitochondria with cristae suggested that cybrid cells
may have resulted from partial mixing of cytoplasm
from patients’ fibroblasts into ρ° cells and that nuclear
fusion did not take place. This contrasts with the
cybrids obtained by fusion between ρ° HeLa cells and
fibroblasts, which contained a nuclear genome derived
from both parental cells (45).

The effective transnuclear complementation of com-
plex I deficiency indicated that in both patients, the
complex I defects resulted from nuclear gene muta-
tions and not from mtDNA mutations. However, it
could be argued that the complex I defects may have
arisen from a heteroplasmic mtDNA mutation and
that, after fusion, only mitochondria with wild-type
mtDNA prevailed in the cybrids. Because the 2
patients reported here showed a severe degree of com-
plex I inactivation, the hypothesis of a disease-associ-
ated mtDNA mutation would presuppose a high per-
centage of mutated mtDNA. To test this hypothesis,
we made cybrids with fibroblasts from a patient (dif-
ferent from patients nos. 1 and 2) harboring high lev-
els (95%) of the T8993G mtDNA mutation (46). The
same degree of heteroplasmy was found in these new
cybrid clones (not shown), suggesting that fusion with
ρ° cells did not promote segregation of wild-type
mitochondria in our situation.

Sequencing of the ND and tRNA mtDNA genes
failed to detect any mutations in the 2 patients com-
pared with the consensus sequence (38) and the refer-
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Figure 5
Transcription analysis of the genes coding for the complex I subunits
in patients’ fibroblasts. (a) Northern blot of the ND mitochondrial
transcripts and the 51- and 24-kDa nuclear transcripts. Twenty micro-
grams of total RNA were loaded in each lane. Subunit-specific cDNAs
with a length ranging between 300 and 1,500 bp were radiolabeled
and used as probes. Probing the 18S rRNA with an 18S rRNA gene
fragment was used as a quantitative reference. Detection was per-
formed by autoradiography. Lane 1, RNA from controls; lane 2, RNA
from patient no. 1; lane 3, RNA from patient no. 2. Transcript names
are indicated to the left. (b) RT-PCR detection of the nuclear-encod-
ed transcripts. PCR experiments were performed under conditions
that ensured that amplifications of 2 different concentrations of con-
trol RNAs gave unsaturated and proportional signals when samples
were analyzed by electrophoresis in ethidium bromide–stained
agarose gels. Lanes 1 and 2, control RNA (starting amounts: 24 ng
and 48 ng, respectively); lane 3, patient no. 1 RNA (starting amount:
48 ng); lane 4, patient no. 2 RNA (starting amount: 48 ng).



enced polymorphic sites (17). Moreover, the A→G
mutation in tRNALeu(UUR) at position 3302 (i.e., 5 bp
upstream from the ND1 gene), related to severe com-
plex I deficiency and abnormal mRNA processing (47),
was not found in either patient. These findings gave
additional support to an nDNA origin of the 2 report-
ed complex I defects. Finally, analysis of the steady-state
level of mRNAs coding for major mitochondrial- and
nuclear-encoded subunits indicated that complex I
deficiency did not correlate with an impaired tran-
scription of any of the investigated genes.

In patient no. 1, the amount of the 24-kDa subunit,
and to a lesser extent of the 51-kDa subunit, was
reduced. Lowered level of the 24-kDa subunit (isolated
or not) has already been described in some patients
with complex I deficiency (5, 12, 48). In complex I, the
10-, 24-, and 51-kDa subunits closely interact to con-
stitute the flavoprotein (FP) fraction of the enzyme.
Therefore, the presence of a reduced amount of the 24-
and 51-kDa subunits in patient no. 1’s mitochondria
may be the consequence of a misassembly of the FP
fraction. However, because no specific antibody against
the 10-kDa subunit was available, the presence or
absence of this subunit in the mitochondria from
patient no. 1 could not be tested. At the molecular level,
no mutation was found in the cDNAs coding for the
10- and the 51-kDa subunits. We could also exclude the
pathogenicity of the Ala29→Val substitution found in
the 24-kDa cDNA, because the heterozygous state
found in the patient was also reported in healthy indi-
viduals (40). Loosening of the FP subunits might still
be due to a mutation in another subunit, which tight-
ly interacts with them. This hypothesis will be investi-
gated by sequencing the cDNAs coding for other
known complex I subunits.

In patient no. 2, immunoblots revealed a decreased
level of all the investigated subunits. Generalized loss
of complex I subunits in patients’ mitochondria has
already been observed by immunoblotting (48) or by
blue native 2-dimensional gel electrophoresis (10, 16,
47). However, the last three reports did not determine
whether complex I was absent because of the absence
of the majority of the nuclear-encoded subunits or
because of the dissociation of a partially assembled
complex I, a process that may occur during extraction
and electrophoretic migration. In the case of patient
no. 2, it may be hypothesized that extensive impair-
ment of complex I assembly results from a mutation in
a gene coding for a factor specifically required for
assembly of this enzyme. Human genes whose products
are involved in respiratory chain assembly or biogene-
sis of complex IV have recently been identified (50–52).

The transnuclear complementation strategy report-
ed here helped to define the mendelian inheritance of
the 2 investigated complex I defects. This is a valuable
piece of information for genetic counseling in the 2
concerned families. Biochemical and immunochemical
investigations also demonstrated that both a severe
reduction of complex I activity and abnormal patterns

of complex I subunit composition are specific features
associated with these 2 lethal clinical phenotypes.
Looking for such specific features by analyzing small
mitochondrial samples from chorionic villi cells may
allow prenatal diagnosis in these families.
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